Vertical cable seismic (VCS) represents a new method to acquire 3-D marine data by using vertical arrays of hydrophones, in which both up and down-going wave fields are recorded. Despite analogies that may be drawn with VSP, VCS data processing does in fact require a different set of techniques for the separation of these wave fields due to its unique acquisition characteristics. In this study, a filtering method based on solving differential equations in the time and space domain, is used in a procedure to separate up and down-going wave fields, directly after the initial step of alignment. Synthetic tests show that compared to median filtering, or the f , k filtering approach, this method obtains the best result. Furthermore, application to real VCS data indicates an encouraging performance.
Introduction
In VCS acquisition, the cables on which the hydrophones are deployed are suspended approximately vertically in the water column. The data obtained from such VCS requires separation of the up and down-going wave fields, in a similar fashion to the early processing stages of VSP. For VSPs, 2-D Fourier transformation, radon transformation, multi-level median filters and optimal filters are commonly-used in the industry to tackle this separation problem. By comparing the application of these methods to real and synthetic data, Kommedal and Tj stheim(1989) have shown that it is not possible to point to one particular method that will always yield the best result. This is particularly the case in multi-offset VSPs with only a few depth levels. Although many methods are successful for wave field separation in VSP data processing, these algorithms can not be properly used in VCS. This is because VCS data have a limited number of depth levels in the water column, long offset spreads, and the first arrival is generally the refracted wave (not the direct wave) at almost all offsets. As a consequence, Sun (1997) applied an alternative, recursive approaching signal filter (RASF) to the wavefield separation problem in VCS.
Here, Li and Larner (1993) 's DEBF (differential-equation-based filtering) method is applied to separate the up and down-going wave fields, after initial alignment of the down-going waves. In this method, a finite-difference algorithm is used to solve the filtering equation in the timespace domain. The filter parameters are determined by a combination of user-specified dominant frequencies and apparent velocities, and can vary at every temporal and spatial point.
Filtering equation and finite-difference algorithm
From Li and Larner (1993) , the low-(apparent-velocity)-pass filtering equation in time-space domain can be expressed as ix; t = x; t @ox; t @x ;
(1) where ix; t and ox; t are input and output trace sets respectively, and the filter parameter x; t is determined by
f N = 1=2f max , f max and V N are the user-specified maximum frequency and cut-off apparentvelocity respectively. Applying the appropriate finite difference approximation, the equation (1) 
where coefficient
, ! A, , ! B and , ! C are LL dominant tridiagonal matrixes, depending on the temporal and spatial intervals and the filter parameter ( Li 1993 where L is the maximum length of the seismic traces in sample points, M (m = 1; 2; 3; ; M ), is the maximum number of traces processed. Equation (3) can be solved by a fast algorithm, and it is explicitly recursive in the space direction, requiring two input traces to obtain one output trace. Therefore, this method has high computational efficiency.
Separation procedure tested by synthetic and real data We compare this method to application of the f , k filter and median filter on synthetic data. (Figure 1(d) ). On the median filtered section (Figure 1(c) ), there is significant residual up-going energy when the events do not have linear moveout though the section. In addition, the f , k filter (Figure 1(b) ) produces some edge effects. In this example, the cut-off apparent velocity is defined as 2000m=s. This wave field separation algorithm is also applied to the real data shown in Figure 2 . In these data, there are 16 hydrophones on each cable, Figure 2 (a) showing five common shot gathers, and a common receiver (the eighth hydrophone) being shown in Figure 2(b) . The results of wave field separation by differential equation filtering are now shown in Figure 3 and Figure 4 . After wave field separation, the direct waves and ghost are in the down-going wave section (Figure 4(a) ), but the primaries and multiples of the sea bottom are in the up-going section (Figure 4(b) ). As is evident, the up-and down-going waves are clearly separated and there are no artifacts.
Conclusions
The differential equation filtering method, unlike f , k or , p filtering, does not require a large number of receivers. In addition, the design of the filtering parameters is quite flexible. It has proven to be well adapted to wave field separation in both synthetic and real VCS data. 
